Background: The Rio Grande River is the natural boundary between U.S. and Mexico from El Paso, TX to Brownsville, TX. and is one of the major water resources of the area. Agriculture, farming, maquiladora industry, domestic activities, as well as differences in disposal regulations and enforcement increase the contamination potential of water supplies along the border region. Therefore, continuous and accurate assessment of the quality of water supplies is of paramount importance. The objectives of this study were to monitor water quality of the Rio Grande and to determine if any correlations exist between fecal coliforms, E. coli, chemical toxicity as determined by Botsford's assay, H. pylori presence, and environmental parameters. Seven sites along a 112-Km segment of the Rio Grande from Sunland Park, NM to Fort Hancock, TX were sampled on a monthly basis between
Background
The Rio Grande river is the natural boundary between U.S. and Mexico from El Paso, TX. to Brownsville, TX, and it is one of the major water resources of the area. El Paso, TX. and Ciudad Juarez, Mexico comprise the largest metropolitan area of the bi-national region with a semi-arid environment receiving an average of 17.7 cm of rain per year. The Rio Grande/Rio Bravo is the major watershed of this bi-national region. The major groundwater reservoirs of the area are the Hueco Bolson and the Mesilla Bolson. The river serves as an important natural resource for industry, agriculture, domestic water supply, recreation, and wildlife habitat for both countries [1] . Unfortunately, the Rio Grande is also a reservoir for infectious micro-organisms and toxic pollutants [2] . A variety of activities contributing to the chemical and microbial contamination of water supplies have been identified and include improperly installed and maintained septic systems, landfills, injection wells, land application of waste, irrigation, runoff, animal feed lots, etc [3] . It is estimated that at the present rate of consumption groundwater supplies will be depleted in approximately twenty years.
The presence of "colonias" (unincorporated and economically disadvantaged communities) with inadequate wastewater disposal methods, the application of untreated or improperly treated sewage for disposal or irrigation purposes, the numerous maquiladoras [international industry in Mexico], and differences in disposal regulations between U.S. and Mexico result in a high probability of anthropogenic activities being responsible for the contamination of Rio Grande water supplies. Although groundwater has traditionally been considered a safe source of drinking water, more than half of the reported waterborne disease outbreaks have been linked to contaminated groundwater [4] .
Infectious diseases including cholera, amoebiasis, hepatitis A, salmonellosis, shigellosis, giardiasis, ascariasis and other intestinal infections are not uncommon in the border region. The Texas Department of Health showed that hepatitis A, salmonellosis, dysentery, cholera, and other diseases occur at much higher rates in colonias than in Texas as a whole [2] . The occurrence of infectious diseases is associated with conditions prevalent in border counties, i.e., potentially contaminated water from shallow wells in colonias, poor hygiene, and low socioeconomic status. Results from previous toxic chemicals studies by the Texas Commission on Environmental Quality (TCEQ), the International Boundary and Water Commission (IBWC) and the United States Environmental Protection Agency (USEPA) ranked several Rio Grande sites as areas of concern [1, 5] . The main pollutants found in water were arsenic, copper, nickel, chloride, unionized ammonia, and phenolic compounds. The USEPA has recently included Helicobacter pylori on the Contaminant Candidate List (CCL) (62FR 52193). The CCL identifies contaminants which are not currently regulated but known or anticipated to occur in public water systems. Little is known about the mode of transmission of H. pylori. A waterborne transmission route has been proposed since this microorganism has been found in surface water, groundwater and drinking water [6] [7] [8] [9] . The occurrence and persistence of H. pylori in border water supplies has not been established. However, H. pylori antibodies were detected in 21% of children between the ages of 4-7 in a study of 365 primary school children conducted in an area of El Paso where half of the population do not drink piped water and 86% use septic tanks [10] . In order to fully understand the risk factors that promote H. pylori infections, it is extremely important to determine if this bacterium is present in border water supplies. Several studies have indicated that microorganisms can be found in the environment in a "viable, non culturable state." While these microorganisms cannot be cultured in regular culture media, their genomes remain viable, and given the right conditions, they can become infectious [11, 12] . Viruses have been reported to be in a similar state and to be activated and become infectious under certain environmental conditions [13] . It has been suggested that H. pylori can be found in a viable, non-culturable, metabolically active state in water supplies [8, 12] . Information on the occurrence of H. pylori in border water supplies will provide valuable information on the route of transmission and survival of this infectious agent.
Agrochemicals, pesticides, heavy metals, arsenic, and PCBs (presumably from illegal dumping, agriculture and maquiladora activities) have been detected in the river and may be associated with fish deformities, leukaemia, and congenital malformations in humans. Fecal coliforms were also identified as an area of concern in three of the 19 segments of the Rio Grande Basin [2] . Two of these sites were located in the El Paso/Ciudad Juarez region. In order to determine the extent of chemical contamination of the river, it is important to develop and utilize assays that are appropriate for field work. Botsford's toxicity assay is inexpensive, rapid, and can be conducted with minimal training [14] . It is a novel assay that provides values comparable to the fat head minnow (Pimephales promelas) assay, and two commercial assays (Microtex and Polytox) that use bacteria as indicator organisms. Botsford's assay has been used to detect toxicity due to the presence of several inorganic and organic chemicals. It uses the ability of Rhizobium meliloti to reduce MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide) under non toxic conditions [14] .
Water quality of the river is one of the most important concerns facing communities that are dependent on the river for drinking water, agriculture, and watershed. Microbial and chemical contamination must be monitored continuously to determine the condition of the water in order to contain the spread of diseases and to eliminate non-point sources of contamination.
River flow
The demands on the water of the Rio Grande river have changed in the last two years (2001) (2002) (2003) due to the drought conditions that the area is experiencing. Agriculture as well as residential "drought-condition" limits have been in place for the last several years. To conserve water and to control pollution, most of the water is now being diverted into concrete-lined canals leaving part of the river sites between El Paso, TX and Fort Hancock, TX with low or no flowing water. The concrete lined-canals are used for irrigation purposes. The decreased flow in some of the sample sites has resulted in observable changes in the microbial population and chemical composition of the water. The seven sites extend over 112-Km distances that vary in terms of the potential sources of contamination. Table 1 and Figure 1 describe the seven surface water sites with the potential sources of contamination. The least impacted in terms of flow are Sites 1 and 2 since they receive water from New Mexico and are before the diversion dams that distribute water between Mexico and the USA. Two secondary-treatment Waste Water Treatment Plants (WWTPs) in New Mexico discharge their effluent into the river approximately 3 Km upstream from Site 1. The standards for fecal coliforms in WWTP's effluent is 1000 cfu/100 ml (monthly average) for New Mexico, while in Texas the standard for fecal coliform is 200 cfu/ 100 ml. The Sunland Park Horse Race Track in New Mexico is almost adjacent to Site 1 and wild avian species frequent this area in large quantities. Conditions between Site 1 and Site 2 are influenced by street runoff, the Montoya agricultural drain, and other industrial discharge. Water treated for drinking purposes in the Canal Treatment Plant is taken from a concrete-lined canal approximately 5 Km downstream from Site 2. Sites 3 and 5 are located around the most populated areas of the city and are likely to be affected by anthropogenic activity. These sites are in a concrete-lined section of the river and have only a trickle of flow due to the diversion of the river above Site 3. Two international vehicle and pedestrian bridges are located close to this concrete-lined section of the river. The flow in Site 3 consists mostly of leakage from the International Dam. Street runoff and municipal streams also contribute to the flow in Site 3. The Haskell Waste Water Treatment Plant (which is a tertiary treatment plant) returned most of its treated effluent into the river between Sites 3 and 5 before the Americas canal was completed. Site 5 has same flow as Site 3, except when the Americas Canal cannot handle effluent from Haskell WWTP. Since the completion of this canal, most of this treated wastewater is returned to the Americas canal, which then empties into the Riverside Canal. Water that is treated in the Jonathan Rogers Water Treatment Plant for municipal use is taken from the Riverside canal at this point. Both of the drinking water plants are closed during non-irrigational seasons. Site 6 is located close to this point and some of the overflow, which the Riverside Canal cannot handle, is diverted back into the river. The majority of the year this site is stagnant or has insignificant flow. Since the water in the Americas canal comes from a mixture of river water and treated water, Site 6 shows differences from Site 5 in microbial contamination and chemical toxicity. For most of this study, the 17.6-Km natural segment between Site 5 and Site 6 has been completely dry. The conditions at Site 7 are unique since this area is far from populated areas and water taken from the river at American and International diversion dams merges from both sides of the border. Most of the flow at Site 7 is due to a return gate from the Mexican side, which includes partially treated wastewater (primary treatment only) along with some gates from irrigation canals in the U.S. side of the river.
Results

Microbial
Fecal coliform counts for Sites 1-3 ( Fig. 2) showed values ranging between 0 and 1.9 × 10 5 CFU/100 ml for Site 1, from 1.3 × 10 2 to 2.9 × 10 5 for Site 2, and from 0 to 3.7 × 10 5 for Site 3. Site 4 counts were from 0 to 27 CFU/100 mL, and most counts were below 10 CFU/100 mL (these results were not plotted). The Site 4 sample is from an effluent sampling faucet located inside Haskell WWTP and was not taken directly from the river. Fecal coliforms results for Sites 5-7 ( Fig. 3 ) ranged between 0 and 1.9 × 10 5 CFU/100 ml for Site 5, between 0 and 1 × 10 5 for Site 6 and between 0 and 3 × 10 6 for Site 7. E. coli most probable number (MPN) determined with the IDDEX Colilert system for all sites are shown in (Fig. 4) . Values ranged between 6 and 2419, which is the upper detection limit. A high percentage of the samples were at the upper detection limit. Site 4 was not analysed for MPN of E. coli. Table  2 shows the results for H. pylori determinations using the HpSA Antigen test. Out of 31 months, Site1 tested positive for H. pylori 17 times, Site 2 (13 times), Sites 3 and 5 (17 times), Site 4 (15 out of 24 samples) data not shown, Site 6 (14 times), and Site 7 (16 times). of the time, and Site 7 exceeded the limit 80.6% of the time. Sites 1, 2, and 3 had fecal coliform counts around 10 3 CFU/100 ml most of the time. Site 5 had counts between 10 2 and 10 4 most of the time. In Site 6, the counts were between 10 2 and 10 3 CFU/100 most of the time. It was noted at Site 6, throughout the course of this study, that the counts remain close or below the standard. As mentioned before, Site 6 receives the overflow from the Riverside canal, which contains a chlorinated effluent from the Haskell WWTP and industrial discharges. This site has been stagnant the majority of the time. This may be the reason for the lower bacterial counts observed. Site 7 had fecal coliform counts of 10 4 the majority of the time. It was at this site that we observed the highest counts E. coli is the most specific test for fecal contamination. As the numbers of E. coli increase, there is a statistically greater risk that people using the river will experience gastro-intestinal illness. The TCEQ standard for this organism is 126 CFU/100 ml for multiple samples (Chapter 307-Texas Surface Water Quality Standards). E. coli counts during the last 17 months of assessment ( Figure 4 ) revealed consistent trends. 
Chemical toxicity
Botsford's Chemical Toxicity assay was standardized using a variety of toxic chemicals as previously reported [14] . According to this method, any samples showing greater than 50% inhibition are considered toxic (IC50) ( Figure  5 ). Using this standard, Site 1 displayed significant toxicity 45.7% of the time, Site 2 was toxic 48.6% of the time, Site 3 was toxic 45.7% of the time, Site 5 was toxic 44.1% of the time, Site 6 was toxic 48.5% of the time, and Site 7 was toxic 50% of the time. Botsford's assay provides an initial assessment of the relative toxicity of a sample but does not identify the toxic chemicals present. It is not clear at this point if it is the synergistic effect of several chemical compounds that contribute to the toxicity displayed using Botsford's assay. Further detailed analyses of samples will be needed in order to fully establish the value of using Botsford's assay for surface water testing.
Statistical analyses
Analyses were performed to quantify relationships between biological variables and chemical toxicity, and to measure the strength of relationships between H. pylori and fecal contamination indicators such as fecal coliforms 
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Aug-00 + + + + and E. coli. The assumption was that toxic chemicals present in the river may have an adverse effect on the bacterial population including fecal coliforms, E. coli and H. pylori. The All-Possible regression procedures using r 2 and Stepwise were first used to find any significant relationship between independent variables such as chemical toxicity and H. pylori versus biological variables including fecal coliforms and E. coli. By-site and overall analyses were performed and no relationships of significant levels were observed (data not shown). Further analyses were performed using the same procedures between the same independent variables and environmental parameters such as pH, precipitation, specific conductivity, and DO. Chemical toxicity showed a significant relationship between temperature of sample with an r 2 = 0.1615, p < 0.001 (data not shown).
Sep
To analyze any relationships between data from all parameters that were measured in the study, the PearsonMoment correlation procedure was used. Tables 3, 4, 5, 6 were generated with the results from the analyses. First, an overall analysis was performed using data from all sites. As expected, there was a highly significant relationship between fecal coliforms and E. coli (shown in Table 3 ). Chemical toxicity shows a significant relationship with specific conductivity and a negative relationship with temperature of sample (shown in Table 3 ). Non-point contamination events and the decreased river flow in the winter months could be contributing to these results. The same analysis was performed by-site between chemical toxicity, H. pylori, Fecal coliforms, and physiochemical parameters. The same strong relationship was observed between E. coli and fecal coliforms, except for Site 6 which did not show a strong relationship between E. coli and fecal coliforms (shown in Table 4 ). As mentioned earlier, this site has unique hydrologic characteristics, which could temporarily affect the microbial population. No significant relationships were observed between the presence of H. pylori antigen and indicators of fecal contamination including fecal coliforms and E. coli. Differences in survival rates between H. pylori and fecal coliforms may explain the lack of correlation. Therefore, the traditional indicators of fecal contamination cannot be used to detect the presence of H. pylori.
Correlation between chemical and microbial contamination, H. pylori, and biological indicators
Analyses were performed to quantify relationships between biological variables and chemical toxicity, and to measure the strength of relationships between H. pylori and fecal contamination indicators such as fecal coliforms and E. coli. The All Possible regression procedure using r 2 and Stepwise was first used to find any significant relationship between independent variables chemical toxicity, and H. pylori and biological variables. By site and overall analyses were performed and no relationships of significant level were observed (data not shown). Further analyses were performed using the same procedure between same independent variables and physicochemical parameters. Chemical toxicity showed a relationship between temperatures of samples of r 2 = 0.1615, p < 0.001 (data not shown).
The results of this comprehensive three-year river monitoring effort confirm what previous isolated studies have suggested, i.e., that the Rio Grande is heavily contaminated with bacteria of fecal origin. Since several areas of the Rio Grande within this segment are used for recreational purposes by individuals from both sides of the border, the public health implications need to be addressed. Studies have been initiated in our laboratory to determine the sources of fecal contaminants using Antibiotic Resistance Analyses (ARA), genotyping and ribotyping. Future studies will include more detailed chemical analyses of water samples showing a high degree of chemical toxicity.
Conclusions
The results of the present study indicate that the 112-Km segment of the Rio Grande river from Sunland Park, NM to Fort Hancock, TX exceeds fecal coliforms standards for contact recreation water on a continuous basis. In addition, the presence of chemical toxicity in most sites along the 112-Km segment as detected by Botsford's assay, indicate that water quality is an area of concern for the bi- Relative chemical toxicity utilizing the Botsford assay 
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Above dotted line considered Toxic national region. The presence of H. pylori adds to the potential health hazards of the Rio Grande. Since no significant correlation was observed between the presence of H. pylori antigens and the two indicators of fecal contamination, we can conclude that fecal indicators cannot be used to detect the presence of H. pylori antigens reliably in surface water. Also, no correlation was found between Botsford's chemical toxicity assay and fecal indicators indicating that the toxic chemicals present in the river are having a differential effect on the bacterial population. The river is a dynamic system where biological and chemical components may interact in a complex synergistic or antagonistic manner. The results of this study indicate that no simple conclusions can be drawn by studying a single indicator or parameter. 
Methods
Seven Rio Grande sites described in Table 1 and Fig. 1 were sampled. Sampling was done on a monthly basis for a period of thirty six months. All samples were collected and processed according to methods described in the Study Methods section of the Second Phase Bi-national Study [1] and in Standard Methods for the Examination of Water and Wastewater [15] . Samples were collected midstream by submerging sterile 1-liter plastic cubitainers to a depth of 30 cm and opening the container underneath till full with sample then closing underwater. Environmental parameters were taken at each site using a Hydro Lab Quanta Multi Parameter Analyser. Samples were kept on ice until delivered to the laboratories.
Chemical toxicity
Botsford's assay was adapted and used to test for toxicity in water samples [14] . Rhizobium meliloti was grown in a chemically-defined medium (CDM) supplemented with 0.1% casamino acids with 1% mannitol as the carbon source. Bacterial cultures were incubated at 30°C overnight and centrifuged at 10,000 × g for 10 min. After washing the cells once with 0.01 M KH 2 PO 4 buffer, pH 7.5, the cells were resuspended in 0.01 M phosphate buffer, pH 7.5 to an absorbance value between 0.31 to 0.38 at 550 nm. Assays were conducted by combining 0.2 ml of 0.1 M Tris-HCl buffer, pH 7.5 and 2.1 ml of test water sample. Nanopure-quality water was used as a negative control. Water samples were filtered using a 0.2-µm syringe filter to remove sediments and other organisms that could interfere with absorbance reading. The diluted bacterial suspension was then added to make a final volume of 3.3 ml and the initial absorbance reading was taken using a spectrophotometer at a fixed wavelength of 550 nm. 100 µl of a 3 mM solution of MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide) was added and the mixture was incubated at 30°C for 20 min.
To prevent the high concentrations of minerals in samples from interfering with the assay, 10 µl of EDTA 5 mM was added to the mixture before incubation. The difference in absorbance between the initial reading and the absorbance after 20 minute incubation (∆A) was used in the calculation of MTT reduction. The difference between ∆A of river water samples and ∆A of pure-water controls determined the degree of inhibition of MTT reduction by potential toxic compounds in the water. Samples that show an inhibition capacity of 50% (IC50) or more indicate potential toxicity as determined by standardization using toxic chemicals [14] . 
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